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LocalizationDuring Drosophila melanogaster oogenesis, a germline stem cell divides forming a cyst of 16 interconnected
cells. One cell enters the oogenic pathway, and the remaining 15 differentiate as nurse cells. Although
directed transport and localization of oocyte differentiation factors within the single cell are indispensible for
selection, maintenance, and differentiation of the oocyte, the mechanisms regulating these events are poorly
understood. Mago Nashi and Tsunagi/Y14, core components of the exon junction complex (a multiprotein
complex assembled on spliced RNAs), are essential for restricting oocyte fate to a single cell and for
localization of oskar mRNA. Here we provide evidence that Mago Nashi and Tsunagi/Y14 form an oogenic
complex with Ranshi, a protein with a zinc ﬁnger-associated domain and zinc ﬁnger domains. Genetic
analyses of ranshi reveal that (1) 16-cell cysts are formed, (2) two cells retain synaptonemal complexes, (3)
all cells have endoreplicated DNA (as observed in nurse cells), and (4) oocyte-speciﬁc cytoplasmic markers
accumulate and persist within a single cell but are not localized within the posterior pole of the presumptive
oocyte. Our results indicate that Ranshi interacts with the exon junction complex to localize components
essential for oocyte differentiation within the posterior pole of the presumptive oocyte.).
ll rights reserved.© 2009 Elsevier Inc. All rights reserved.Introduction
In organisms as diverse as insects, frogs, and mammals, female
germ cells develop and differentiate as clusters or cysts of clonally
derived interconnected cells (Büning, 1994; de Cuevas et al., 1997;
Pepling et al., 1999). Typically, primordial germ cells migrate from
their site of origin to the developing gonad (Eddy, 1975; Extavour and
Akam, 2003; Nieuwkoop and Sutasurya, 1979, 1981). Within the
gonad, primordial germ cells form germline precursor cells known as
cystoblasts. Cystoblasts undergo synchronous division with incom-
plete cytokinesis, resulting in cysts consisting of 2n cells (cystocytes)
interconnected by intercellular bridges, called ring canals (Büning,
1994; de Cuevas et al., 1997; Pepling et al., 1999). For example, in
Xenopus laevis and Drosophila melanogaster, cystoblasts divide four
times to form 16-cell cysts (Gard et al., 1995; Klymkowsky and
Karnovsky, 1994). Upon completion of the mitotic divisions, cysto-
cytes enter meiosis synchronously and undergo processes that
transform one or more cystocytes into an oocyte. In X. laevis, all 16
cystocytes differentiate as oocytes (al-Mukhtar and Webb, 1971;
Coggins, 1973). While in D. melanogaster, 15 cystocytes form the
nurse cells (polyploid germline cells that support the growth and
differentiation of the oocyte) and one cystocyte differentiates as anoocyte (King, 1970; Spradling, 1993). How a single cell, the oocyte, is
selected from a cyst of 16 cells all sharing a common cytoplasm is an
intriguing and important problem in developmental biology.
Oocyte selection in D. melanogaster occurs in the anterior tip of the
ovary, in a region designated as the germarium (King, 1970;
Spradling, 1993). Within the anterior tip of the germarium, a germline
stem cell (GSC) divides, producing a replacement GSC and a cystoblast
(Wong et al., 2005). GSCs and cystoblasts both have a spherical
cytoplasmic membranous structure, the spectrosome (Deng and Lin,
1997; Lin et al., 1994). In subsequent cystoblast and cystocyte
divisions, spectrosomes become branched structures (fusomes)
extending through the ring canals into each cell of the cyst. Fusome
material is partitioned unequally at each cyst-forming division,
resulting in a 16-cell cyst with two cells (pro-oocytes) containing
more fusome material than the other cells (de Cuevas and Spradling,
1998). One of the two pro-oocytes differentiates as the oocyte, while
the other pro-oocyte and cells within the cyst become nurse cells. The
fusomes consist of membrane skeletal proteins (e.g., Adducin-like
protein, Ankyrin, α-Spectrin, and β-Spectrin) and are associated with
microtubule motors (e.g., Dynein heavy chain 64C and Klp61F),
microtubule-associated proteins (e.g., Deadlock, Lis1, Orbit/Mast, and
Spectraplakin), and other fusome-interacting proteins (de Cuevas et al.,
1996; Lin et al., 1994, 1999;Máthé et al., 2003;McGrail and Hays, 1997;
Petrella et al., 2007; Röper and Brown, 2004;Wehr et al., 2006; Wilson,
1999; Yue and Spradling, 1992). Mutations in genes encoding fusome
components (e.g., α-Spectrin and hts; encoding the Adducin-like
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numbers of cystocytes and lacking an oocyte (de Cuevas et al., 1996;
Lin et al., 1994). Proteins and RNAs required for oocyte differentiation
are transferred from the pro-nurse cells to the two pro-oocytes and
ultimately accumulate, in association with the fusome, in one of the
two pro-oocytes, the presumptive oocyte (Huynh and St Johnston,
2004). Microtubule depolymerizing drugs and mutations in genes
encoding fusome-associated microtubule motors (e.g., Dynein heavy
chain 64C; Dhc64C) disrupt fusome formation and the selective
accumulation of proteins and RNAs within the two pro-oocytes and
the presumptive oocyte, generating cysts without an oocyte (Bolivar
et al., 2001; Huynh and St Johnston, 2000; Theurkauf et al., 1993).
Considered together, the results from microtubule inhibitor studies
and the genetic analyses of genes encoding microtubule motors or
microtubule-associated proteins indicate that the fusome and fusome-
associated proteins are essential for establishing a polarized microtu-
bule network necessary for the directional transport of components
from the pro-nurse cells to the pro-oocytes and eventually to a single
pro-oocyte, resulting in oocyte selection and differentiation (Huynh
and St Johnston, 2004).
Genetic andmolecular analyses of Drosophila oogenesis reveal that
progression of oocyte differentiation can be divided into at least four
discrete steps. The ﬁrst identiﬁable step in oocyte differentiation is the
formation of the synaptonemal complex (SC) within the nuclei of the
two pro-oocytes (germarial region 2a; R2a) (Carpenter, 1975; Huynh
and St Johnston, 2000; King, 1970). During cyst maturation, SCs are
next observed within four adjacent cells and, in anterior germarial
region 2b (R2b), SCs are restricted to the pro-oocytes, and ﬁnally to
the presumptive oocyte (posterior R2b and germarial region 3; R3)
(Huynh and St Johnston, 2000; Page and Hawley, 2001). The second
identiﬁable step in oocyte differentiation is the directed transport of
mRNAs, proteins, and centrioles to the two pro-oocytes of cysts within
posterior R2a (Bolivar et al., 2001; Cox and Spradling, 2003; Grieder et
al., 2000; Huynh and St Johnston, 2004; Mahowald and Strassheim,
1970). Proteins required for oocyte differentiation, such as Bicaudal-D
(BicD), Egalitarian (Egl) and the homologue of the Cytoplasmic
Polyadenylation Element Binding protein (Orb), are detected within
the cytoplasm of all cells within each cyst in anterior R2a. As SCs
become restricted to the pro-oocytes (posterior R2a), BicD, Egl, and
Orb selectively accumulate within the cytoplasm of the two pro-
oocytes (Lantz et al., 1994; Mach and Lehmann, 1997; Schüpbach and
Wieschaus, 1991; Suter et al., 1989; Suter and Steward, 1991). The
third identiﬁable step in oocyte differentiation is the accumulation of
BicD, Egl, Orb, and centrioles within the cytoplasm of one of the two
pro-oocytes (R2b), the presumptive oocyte. Initially, BicD, Egl, Orb,
and centrioles localize within the anterior pole of the presumptive
oocyte and subsequently translocate to the posterior pole of the
presumptive oocyte, deﬁning the fourth step in oocyte differentiation
(Bolivar et al., 2001; Cox and Spradling, 2003; Grieder et al., 2000;
Lantz et al., 1994; Mach and Lehmann, 1997; Mahowald and
Strassheim, 1970; Schüpbach and Wieschaus, 1991; Suter et al.,
1989; Suter and Steward, 1991). Mutant cysts in which any of these
steps are disrupted produce 16-cell cysts consisting of 16 nurse cells,
indicating that the steps are required for establishing and/or
maintaining oocyte fate.
In a previous study (Parma et al., 2007), we showed that in
germline clones lacking Tsunagi/Y14 (Tsu/Y14), the restriction of
oocyte fate to a single cell within 16-cell cysts is disrupted. Tsu/Y14:
Mago Nashi (Mago) heterodimers are core components of the exon
junction complex (EJC), a protein complex assembled on spliced
mRNAs (Gehring et al., 2009; Le Hir and Andersen, 2008; Tange et al.,
2004). A complex of Mago and Tsu/Y14 is also required during
oogenesis to establish themajor axes of the oocyte, embryo, and adult,
as well as for localizing oskar (osk) mRNA within the posterior pole of
the oocyte (Hachet andEphrussi, 2001;Micklemet al., 1997;Mohr et al.,
2001; Newmark et al., 1997). The localization of osk mRNA within theoocyte posterior pole is essential for abdominal segmentation and for
determination of primordial germ cells (Ephrussi et al., 1991; Ephrussi
and Lehmann, 1992). During oogenesis, Mago and Tsu/Y14 co-localize
within the nuclei of germline and follicle cells. In the germarium,
Mago and Tsu/Y14 also co-localize within the cytoplasm of germline
cells in a pattern that is indistinguishable from BicD, Egl, and Orb,
components necessary for oocyte differentiation (Parma et al., 2007).
Germline clones generated by employing a reduced function allele of
mago are similar phenotypically to tsu null germline clones. Together,
the co-localization of Mago and Tsu/Y14 within the cytoplasm of
germarial germline cells and the similarity of the germline clonal
phenotype of a reduced function mago allele and the tsu null allele
suggest that Mago and Tsu/Y14 function jointly to restrict oocyte fate
to a single cell.
Employing a shotgun proteomics approach, we identiﬁed at least
54 proteins that repeatedly co-immunoprecipitate (co-IP) with Mago
(Bennett and Boswell, unpublished). One of the proteins is encoded by
CG9793 and we designated the encoded protein as Ranshi (Japanese
for oocyte). Here we show that Ranshi co-IPs with Mago and Tsu/Y14
from ovarian extracts, indicating that the proteins form an oogenic
complex. To gain an understanding of Ranshi's role during oogenesis,
we also characterized the phenotypes of ovaries derived from
homozygous and hemizygous ranshi females. Our phenotypic analy-
ses of ranshimutant females reveal that in ovaries deﬁcient for Ranshi,
components required for oocyte differentiation accumulatewithin the
presumptive oocyte but fail to localize within the posterior pole,
indicating that Ranshi forms a complex with EJC components that
inﬂuences the posterior pole localization/anchoring of oocyte
differentiation factors.
Materials and methods
Fly stocks, culturing, immunolocalization, and immunoprecipitation
Standard methods were used for all crosses and culturing. Oogenic
stages are according to Spradling (1993). Lines utilized to study ranshi
were described previously (Parma et al., 2007). The following additional
lines were used: (1) w1118; pBac(RB)CG9793e00091 (ranshi1); (2) w1118;
pBac(RB)CG9793f03361 (ranshi2); (3)w1118; pBac(WH)CG8159f01126a; (4)
w1118; pBac(WH)CG9797f06033; (5) y w hsFlp12; ranshi1/TM3, pp Sb e; (6)
y w hsFlp12; pBac(WH)CG8223f02790; (7)w1118;+/CyO, p[w+; hs-pBac];
ranshi1/TM3, pp Sb e; and (8) p[w+, ubi-nlsGFP] p[ry+, FRT]40A.
The antibodies employed to analyze the ranshi oogenic pheno-
types are described in Parma et al. (2007). Ovaries were dissected
from females 0–1 day after eclosion. Immunoprecipitation and
immunohistochemistry were performed as described in previous
studies (Mohr et al., 2001; Parma et al., 2007). Immunoprecipitated
proteins were prepared for mass spectrometry as described by
Andersen et al. (2003) and the samples were analyzed by the
University of Colorado, Mass Spectrometry, Central Analytical Lab. To
identify proteins, we utilized the Mascot program (Matrix Science
Inc.) to search the National Center for Biotechnology Information and
Flybase databases. Immunoblotting of co-immunoprecipitated pro-
teins and genetic interaction studies were employed to verify proteins
found by mass spectrometry.
Transgenes
We generated two genomic rescue constructs, p[w+, ranshi+] and
p[w+, CG8159+, ranshi+]. The constructs were made by PCR
ampliﬁcation of genomic DNA, following the manufacturer's instruc-
tions using Pfx50 Taq polymerase (Invitrogen). To facilitate cloning,
primers contained the restriction sites EcoRI and XhoI: FranshiXhoI
5′-CTCCTCGAGCTGAAAGCCGAGATGAAACAGG-3′, and RranshiEcoRI
5′-CTCGAATTCCCGCGGATGCCTTTACGATAGA-3′ and F8159-ranshi
5′-CCTCGAGAGCTGTGCGACAAGTCCTTT-3′ and R8159-ranshi 5′-
Fig. 1. Genomic organization of ranshi and amino acid sequence of Ranshi. (A) Genomic
organization of ranshi showing its position relative to the ﬂanking genes CG11762,
CG8159, and CG9797. The centromere is to the left, and telomere is to the right. The
blue horizontal line shows genomic DNA and above the genomic DNA are predicted
transcripts for the genes. For each gene, the predicted translational start sites (ATG) and
the direction of transcription (arrows) are indicated. Below the genomic DNA, the
rescuing transgenes and deletion (Df, indicated by the arrow to show that the deletion
extends beyond the genomic region depicted) of the genomic region are illustrated. (B)
The relative position of ranshi1 (red triangle) and of the regions chosen for generating
peptides (⁎) employed for antibody production are shown. (C) The predicted Ranshi
amino acid residues. The domains identiﬁed using Pfam to search databases are as
follows: zing ﬁnger-associated motif (ZAD; amino acid residues 5–79) and the zinc-
ﬁnger motifs in Ranshi are indicated (C2H2-1, C2H2-2 and C2H2-3).
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iﬁed by DNA sequencing (Agencourt Biosience). The puriﬁed plasmids
were injected into Drosophila embryos (BestGene, Inc.). Independent
lines on the X, second, and third chromosome were recovered and
tested for rescue of the ranshi phenotype.
Antibody generation and puriﬁcation
Anti-Ranshi antibodies (α-Ranshi) were generated employing two
unique peptides (amino acid residues 82–107, DEDFLRICQESPKSVLE-
QEELELDLA, and amino acid residues 137–162, SKINEDEPNNEDDIDY-
SEMDYLIYE). Oligonucleotides (for amino acid residues 82–107:
5′-AATTCgatgaagacttccttagaatctgccaggaatctcccaaaagtgtccttgagcag-
gaggagttggaactggatctggcatgaGG-3′ and 5′-TCGACCtcatgccagatccagttc-
caactcctcctgctcaaggacacttttgggagattcctggcagattctaaggaagtcttcatcG-3′;
and for 137-162: 5′-AATTCtctaaaatcaacgaagacgagcccaataatgaggacga-
tattgattatagtgaaatggattaccttatttacgaaGG-3′ and 5′-TCGACCttcgtaaa-
taaggtaatccatttcactataatcaatatcgtcctcattattgggctcgtcttcgttgattttagaG-
3′) were synthesized (Integrated DNA Technologies, Inc.) with
terminal EcoRI and SalI restriction sites and used to amplify genomic
DNA. The products were cloned into pMal-c2 (New England Biolabs)
and pGEX 6p1 (GE Health) and correct inserts were veriﬁed by DNA
sequencing (Agencourt Bioscience). The peptides were expressed in
bacteria as maltose-binding protein (MBP)–Ranshi and glutathione-S-
transferase (GST)–Ranshi fusion proteins. The resulting fusion
proteins, GST–Ranshi (GST–Ranshi82 and GST–Ranshi137) and
MBP–Ranshi (MBP–Ranshi82 and MBP–Ranshi137), were puriﬁed
and characterized as described in Mohr et al. (2001). Polyclonal
antibodies against bacterially expressed GST–Ranshi82 and GST–
Ranshi137 were raised by injection into rabbits (Pocono Rabbit Farm
and Laboratory Inc., PRFL). The α-Ranshi antibodies were afﬁnity-
puriﬁed by PRFL from rabbit antisera, employing MBP–Ranshi82 and
MBP–Ranshi137.
Immunoblot and RNA blot analyses
Total protein from females, female carcasses without ovaries, and
ovaries was prepared, immunoblotted, and visualized as described in
Mohr et al. (2001). Anti-Ranshi (0.9 mg/ml) and α-GFP were used at
1:1000 (Invitrogen). Anti-rabbit horseradish peroxidase (HRP; Santa
Cruz) and anti-mouse HRP (Sigma) were used at 1:5000. As a loading
control, after stripping the nitrocellulose membrane with Restore
Western Stripping Buffer (Pierce) following recommendations of the
supplier, the membranes were probed with the E7 anti-β-tubulin
antibody (1:1000; Developmental Studies Hybridoma Bank).
To obtain poly(A) RNA, ovaries were dissected from females and
RNA was isolated as described previously (Mohr et al., 2001). Blotting
was performed as described in Mohr et al. (2001) with the following
modiﬁcations. To visualize ranshi transcripts, we generated digox-
igenin (DIG)-11-UTP labeled single-stranded RNA (ssRNA) probes
using the DIG Northern Starter Kit (Roche), following the manufac-
turer's recommendations. A 671-bp in vitro transcription template for
making RNA probes was generated by PCR from genomic DNA,
employing the following PCR primers: 5′-TGGAAGTCCAAAGG-
GAGTTG-3′ and a reverse primer containing the T7 promoter 5′-
taatacgactcactatagggTTAGTGTGAGTCCGCTCGTG-3′.
Results
Ranshi forms an oogenic complex with Mago and Tsu/Y14
In our investigations of Mago and Tsu/Y14, we employed a
shotgun proteomics approach to detect proteins in ovarian extracts
that co-IP with Mago fused to Green Fluorescent Protein (GFP–Mago),
a protein that rescues all phenotypes associated withmago alleles and
recapitulates the distribution of endogenous Mago (Newmark et al.,1997; Parma et al., 2007). We used mass spectroscopy to identify
proteins in GFP–Mago complexes (Bennett and Boswell, unpub-
lished). In addition to recovering components of the EJC in our
immunoprecipitations of GFP–Mago (e.g., Aly/Ref, Tsu/Y14 and
others) (Le Hir and Andersen, 2008; Tange et al., 2004), we also
identiﬁed Ranshi and 53 other proteins that reproducibly co-
immunoprecipitate with Mago. Ovarian extracts of wild-type ﬂies
constitutively expressing GFP with a nuclear localization signal
(nlsGFP) were exploited as a negative control, verifying the speciﬁcity
of the interactions of the 54 proteins with GFP–Mago complexes.
Since Ranshi co-immunoprecipitates with Mago, we veriﬁed that
the piggyBac (pBac) transposable element in the ranshi1 allele is
within intron 1 of ranshi, ∼146 bp downstream of ranshi's transla-
tional initiation site (ATG; see Figs. 1A, B), we constructed a deletion
with deﬁned breakpoints within the ranshi locus and a ranshi rescuing
transgene (Fig. 1A). Because excision of pBac insertions is precise, we
employed Flp recombinase to construct the deletion with deﬁned
molecular breakpoints within the ranshi locus (Parks et al., 2004). By
inducing recombination between FRT-bearing insertions, ranshi1 and
p(XP)d11678, we deleted∼18 kbp of genomic DNA from the site of the
ranshi1 insertion and extending distally on chromosome 3R, produc-
ing Df(3R)ranshi1 (see Fig. 1A). The deletion removes part of intron 1,
exon 1, and the promoter of ranshi and also deletes DNA from ranshi
to CG8223. Sequence analysis was used to verify the deletion
breakpoints and indicated that Df(3R)ranshi1 would be useful for
phenotypic analysis of ranshi.
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spectroscopy as encoding Ranshi, we generated rabbit polyclonal
antibodies immunoreactive with Ranshi (α-Ranshi). On blots of
ovarian poly(A) RNA, we detect an ∼1.3 kb (see Fig. 2A) transcript
potentially encoding a protein of 346 amino acid residues with a
predicted Mr of 40.7 kDa. Utilizing α-Ranshi on immunoblots of
ovarian protein extracts, we detect a single protein with an apparent
Mr of ∼60 kDa (see Fig. 2B), suggesting the possibility that Ranshi is
modiﬁed post-translationally. To determine whether the protein
identiﬁed by α-Ranshi is encoded by the ranshi locus, we immuno-
blotted ovarian proteins from extracts of wild-type and homozygous
ranshi1 females. While α-Ranshi cross-reacts with immunoblotted
protein, it is less effective in detecting protein in ﬁxed whole-mount
tissues. In ovarian extracts from homozygous ranshi1 females, we
observe reduced amounts of Ranshi relative to wild-type ovarian
extracts (see Fig. 2B), conﬁrming that the protein detected by α-
Ranshi is encoded by the ranshi locus, demonstrating that the pBac
insertion alters ranshi expression, and suggesting that ranshi1 is a
hypomorphic (reduced function) allele.
We next determined whether immunoprecipitation of GFP–Mago
resulted in the co-immunoprecipitation of Ranshi and Tsu/Y14. As
with the shotgun proteomics experiments, we employed ﬂies carrying
the GFP–Mago+ transgene. As a negative control, ﬂies carrying the
ubi-nlsGFP transgene were utilized to determine whether GFP–Mago
speciﬁcally co-IPs with Ranshi. To test the ability of Tsu/Y14 to co-IP
with Ranshi, we utilized wild-type ﬂies and ﬂies carrying a FLAG-tsu/
Y14 transgene (data not shown). As shown in Fig. 2C, when anti-GFP
antibody is employed, nlsGFP and GFP–Mago are efﬁciently andFig. 2. The ranshi locus encodes a 1.3-kb RNA and an ∼60-kDa protein that co-
immunoprecipitates with Mago and Tsu/Y14. (A) RNA blot showing that a single ∼1.3-
kb transcript is detected in ovarian extracts of poly(A) RNA. (B) In ovarian extracts of
protein isolated from wild type (WT), α-Ranshi identiﬁes a single protein with an
apparent Mr of ∼60 kDa. However, in ovarian extracts of homozygous ranshi1 females,
the amount of Ranshi is reduced, indicating that the antibody is immunoreactive with
Ranshi. (C) Immunoprecipitation with anti-GFP attached to beads preferentially
immunoprecipitates GFP–Mago, Tsu/Y14, and Ranshi but not nlsGFP.speciﬁcally immunoprecipitated from ovarian extracts. When the
same blots are reacted with α-Ranshi, Ranshi is undetectable in
ovarian extracts lacking nlsGFP or GFP–Mago and preferentially
immunoprecipitates with GFP–Mago. In a similar experiment (Fig.
2C), we detect Ranshi and Tsu/Y14 in immunoprecipitates of GFP–
Mago but do not detect the proteins in extracts derived from ovaries
that lack GFP–Mago or that express nlsGFP, demonstrating the
existence of an ovarian complex containing Mago, Tsu/Y14, and
Ranshi.
Ranshi encodes a protein with a zinc ﬁnger-associated domain and zinc
ﬁnger domains
Database searches, using Pfam 23.0 (Finn et al., 2008; Sonnham-
mer et al., 1997), reveal that Ranshi contains at least two distinct
conserved motifs (Fig. 1C). Amino acid residues 5–79 form a zinc
ﬁnger-associated domain (ZAD) within Ranshi. ZAD domains are
characterized by a group of four conserved cysteines and ∼28% of
C2H2 zinc ﬁnger proteins (ZFP) in Drosophila contain an amino-
terminal ZAD (Chung et al., 2002; Lespinet et al., 2002). Although the
exact function of ZAD is unknown, the ZAD of Grauzone (a
transcription factor speciﬁcally required during oogenesis) is known
to coordinate zinc and to be involved in homodimerization of
Grauzone (Jauch et al., 2003). Within the carboxy-terminus, Ranshi
contains at least three C2H2 zinc ﬁnger domains (amino acid residues
224–246, 280–302, and 308–332). In addition to functioning as
transcription factors, ZFPs are also known to bind RNA (e.g., TFIIIA
binding to 5S rRNA), participate in protein–protein interaction
through their zinc ﬁnger domains (e.g., GATA1 interaction with
Friend of GATA-1), and, in some circumstances, the zinc ﬁnger
domains confer enzymatic activity to proteins (e.g., Modulator of
immune recognition; MIR-1) (Brayer and Segal, 2008; Brown, 2005;
Coscoy and Ganem, 2003; Gamsjaeger et al., 2007), suggesting that
further studies will be required to deﬁne the speciﬁc role of Ranshi in
Mago:Tsu/Y14 complexes.
Ovaries of homozygous ranshi1 females contain 16-cell cysts without
an oocyte
To investigate the requirement for ranshi+ function during
development, we determined the viability and fertility of homozygous
mutant ﬂies. We found that homozygous ranshi1 males are viable and
fertile and indistinguishable from wild type (n=1012). However,
although we found that the viability of homozygous ranshi1 females is
identical to wild type, the mutant females fail to lay eggs. In wild-type
female ovaries (n=48), we observed a karyosome (a condensed
region of chromosomes detected within the oocyte nucleus) in 98% of
stage 3 (S3) egg chambers (Fig. 3A). In contrast, DAPI staining reveals
that all egg chambers of homozygous ranshi1 females contain 16
germline cells but the egg chambers lack karyosomes (Fig. 3B; 0/82).
Furthermore, the nuclei of all 16 germline cells of cysts derived from
homozygous ranshi1 ovaries contain endoreplicated DNA typically
observed in nurse cells (Fig. 3B). Our results indicate that homozygous
ranshi1 germline cells undergo four mitotic divisions, that oogenesis is
blocked prior to S3, and that all germline cells within mutant cysts
behave as nurse cells.
The sterility of ranshi1 females reverts to wild type upon excision of the
transposable element and is complemented by a rescuing transgene
To determine whether the ovarian phenotype associated with the
ranshi1 allele is due to the insertion of the pBac transposable element
within the ﬁrst intron of the gene (see Fig. 1A), wemobilized the pBac,
collected independent excision lines, sequenced the ranshi genomic
region in the independent excision lines, and assessed the phenotypes
of the ﬂies. Four independent excision lines were recovered from
Fig. 3.Ovaries of homozygous ranshi1 females contain 16-cell cysts blocked prior to stage 3 and 16 germline nuclei containing endoreplicatedDNA. In both panels, anterior is to the left.
Brackets deﬁne germaria (G), and S9 indicates a stage 9 egg chamber. (A)DAPI staining of awild-type ovariole. The posterior end of an egg chamber (anterior stippled rectangular box)
is magniﬁed in the rectangular box to illustrate the karyosome (indicated by the arrow). A nurse cell nucleus (posterior, stippled, square box) is magniﬁed in the posterior square box
to illustrate dispersed chromosomes. (B) DAPI-stained ovarioles dissected fromhomozygous ranshi1 females contain 16-cell cysts and egg chamberswithout identiﬁable karyosomes.
A posterior pole of an egg chamber is a magniﬁed within the box to illustrate the absence of a karyosome and the presence of nuclei with polytene chromosomes.
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excision lines are the result of precise excision of the pBac element. All
four lines are also phenotypically wild type, indicating that the female
sterility and the oogenic block are due to the original pBac insertion
within the ﬁrst intron of ranshi.
We employed P-element-mediated transformation to construct
ﬂies carrying a ranshi rescuing transgene. The p[CG8159+ ranshi+]
(see Fig. 1A) transgene is ∼4.2 kbp and begins ∼2.4 kbp upstream of
the translational initiation site for CG8159 (within CG11762) and
extends 436 bp upstream of the translation initiation site of ranshi
(within CG9797). The p[CG8159+ ranshi+] transgene rescues the
ovarian phenotypes observed in homozygous ranshi1 and hemizygous
ranshi1 females, demonstrating that the oogenic block is due to lesions
within the ranshi locus.Spectrosome/fusome development is normal in ovaries of homozygous
ranshi1 females
Because proper fusome formation and development are known to
inﬂuence oocyte differentiation (de Cuevas et al., 1996; Grieder et al.,
2000; Lin and Spradling, 1995), we compared spectrosome/fusome
development in ovaries of wild-type and homozygous ranshi1
females. Two spectrosome/fusome components were examined, α-
Spectrin and Spectraplakin. The α-Spectrin protein is a structural
component of the spectrosome/fusome and Spectraplakin is a protein
associated with spectrosomes/fusomes that is required to organize
microtubules on fusomes (Grieder et al., 2000; Röper and Brown,
2004). In the anterior-most part of wild-type germarial region 1 (R1),
anti-α-Spectrin detects spectrosomes within GSCs and cystoblasts
(CB) (see Figs. 4A, B). At the posterior of R1, when CBs enter the
oogenic pathway, anti-α-Spectrin reveals spectrosomes in CBs and
branched structures (fusomes) in developing cystocytes. Fusomes
persist within the germarium until R2b (Figs. 4A, B). Within germarial
region 3 (R3), anti-α-Spectrin occasionally detects discontinuous
structures, representing degenerating fusomes. When germaria of
homozygous ranshi1 females are reacted with anti-α-Spectrin spec-trosome/fusome development is indistinguishable from wild type
(n=210; Fig. 4B).
Spectrosomes and fusomes lacking functional Spectraplakin are
similar to wild type when assessed employing anti-α-Spectrin (Röper
and Brown, 2004). Although spectrosome/fusome development is
apparently normal in Spectraplakin deﬁcient germaria, 16-cell cysts
without an oocyte are formed. In the presence of microtubule
depolymerizing drugs, Spectraplakin is detected on fusomes, suggest-
ing that the association of Spectraplakin with fusomes is independent
of dynamic microtubules (Röper and Brown, 2004). Spectraplakin
contains a GAS2 domain, a microtubule-binding domain (Karakesi-
soglou et al., 2000; Lee and Kolodziej, 2002; Sun et al., 2001). Röper
and Brown (2004) propose that Spectraplakin associates with
fusomes through a domain other than the GAS2 domain, and that
the GAS2 domain is utilized to recruit and to inﬂuence the
polarization of microtubules and the transport of components to the
oocyte. Therefore, we examined the distribution Spectraplakin in
homozygous ranshi1 ovaries. The distribution of Spectraplakin in
wild-type germaria is identical to α-Spectrin in R1-R2b (Fig. 4C)
(Röper and Brown, 2004). In R3, where α-Spectrin is undetectable or
only detected in fragments, Spectraplakin persists in what appear to
be remnants of the fusome (Fig. 4C). In ovaries of homozygous ranshi1
females, the distribution of Spectraplakin is identical to wild-type
germaria (n=70; Fig. 4C), showing that Spectraplakin associates with
fusomes in ovaries of homozygous ranshi1 females. Our results from
the analysis of α-Spectrin and Spectraplakin accumulation within
germaria of homozygous ranshi1 females show that spectrosome/
fusome development is not obviously disrupted, and that a fusome
component (Spectraplakin) required for recruiting and organizing
microtubules within cysts is normal.
Restriction ofmeiosis to a single cell is aberrant in ranshimutant germaria
SC formation is the ﬁrst indicator of oocyte differentiation (Huynh
and St Johnston, 2004). Mutations in genes required for oocyte
speciﬁcation (e.g., BicD and egl) and for oocyte maintenance (e.g.,
par-1) produce R2a cysts in which all cells contain SCs (Huynh and
Fig. 4. Spectrosome/Fusome development in ovaries of homozygous ranshi1 females is indistinguishable from wild type. In all panels, anterior is to the left. (A) Cartoon of a
germarium. Spectrosomes (Sp) and fusomes (Fu) are illustrated in red. Vertical lines demarcate germarial regions 1 (R1), 2a (R2a), 2b (R2b), and 3 (R3). (B) Spectrosome/Fusome
development in wild-type (left) and homozygous ranshi1 females are similar. In both panels B and C, R3 is to the right of the dotted vertical line. (C) The distribution of Spectraplakin
in wild-type and homozygous ranshi1 germaria is indistinguishable. The boxes contain magniﬁed photographs of the anterior tip of the germaria to show the presence of
spectrosomes.
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wild-type and ranshi mutant germaria, we employed antibodies
immunoreactive with the SC component C(3)G (Page and Hawley,
2001). In wild-type germaria, α-C(3)G ﬁrst detects SCs in twoadjacent cells within R2a and then four adjacent cells contain SCs (Fig.
5A). As wild-type cysts enter anterior R2b, SCs are lost from two of the
four adjacent cells and are retained only within the two pro-oocytes.
Once wild-type cysts enter posterior R2b, a single cell (n=118), the
Fig. 5. Restriction of meiosis to a single cell requires ranshi+ function. In all panels,
anterior is to the left and R3 indicates germarial region 3. (A) Synaptonemal complex
formation and meiotic progression in a wild-type germarium. The arrow identiﬁes a
R2b cyst with two adjacent cells (pro-oocytes) that are C(3)G-positive. (B) In ranshi
mutant germaria meiosis is not restricted to a single cell, as assessed by the presence of
synaptonemal complexes in two adjacent cells within R3. The arrow identiﬁes a R2b
cyst with at least 3 adjacent cells with synaptonemal complexes. The white horizontal
line delineates the germarial region magniﬁed in the boxes and shows synaptonemal
complexes within different focal planes.
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from R3 (stage 1 egg chamber; S1) until egg chambers reach oogenic
stage 6 (S6).
Meiotic progression in ranshi mutant germaria is distinct from
wild typewhen examined employingα-C(3)G. Although homozygous
ranshi1 and hemizygous ranshi1 ovaries are not distinguishable when
analyzed for the presence of polyploid nuclei, for spectrosome/
fusome development, or for the localization of a fusome-associated
component (Spectraplakin), the development of homozygous and
hemizygous mutant germline cells is different when examined for SC
formation and meiotic progression. Employing α-C(3)G to assess
meiotic progression in wild-type, homozygous ranshi1, and hemizy-
gous ranshi1 cysts, we observe no differences within R2a (n=313),
suggesting that entry into meiosis is normal in ranshi mutant cysts.
However, under our experimental conditions, ∼60% (n=83) of
homozygous ranshi1 S1 egg chambers contain a single cell with SC.
The remaining ∼40% of homozygous ranshi1 S1 egg chambers havetwo adjacent cells with SCs. In contrast, ∼83% (n=100) of S1 egg
chambers from hemizygous ranshi1 ovaries have two adjacent cells
with SCs (Fig. 5B) when assessed for the presence of C(3)G-positive
cells. The remaining S1 egg chambers of hemizygous ranshi1 ovaries
have either a single cell with SC (∼10%) or 3–4 adjacent cells with SCs
(∼7%). Regardless of whether the S1 egg chamber has one or more C
(3)G-positive cells, ∼80% (n=49) of the egg chambers have a C(3)G-
positive cell within the posterior end. In wild-type cysts, positioning
of the oocyte within the posterior pole requires oocyte–posterior
follicle interactions (Godt and Tepass, 1998; González-Reyes and St.
Johnston, 1998). The fact that, in the majority of ranshi egg chambers,
a C(3)G-positive cell is observed within the posterior pole suggests
that at least one of the two pro-oocytes in these egg chambers is
sufﬁciently oocyte-like to form proper interactions with posterior
follicle cells, and to move from a central position within a cyst to a
posterior position. In post-germarial stages, both homozygous and
hemizygous ranshi1 egg chambers retain SC, showing that mainte-
nance of meiosis is not altered. Consistent with the immunoblotting
results (see Fig. 2B), the phenotypic difference we observe between
homozygous ranshi1 and hemizygous ranshi1 ovaries indicates that
ranshi1 is a reduced function allele and that impairing Ranshi+
function results in a failure to restrict oocyte fate to a single cell within
the 16-cell cyst. Furthermore, these results also demonstrate that SC
formation and meiotic progression in ranshi mutant germaria are
different from mutant germaria with a block in oocyte speciﬁcation
(e.g., BicD, egl and others) or in oocyte maintenance (e.g., par-1),
suggesting that Ranshi is not essential for restricting entry into
meiosis to four cells in the 16-cell cyst or for maintaining meiosis in
cysts and in post-germarial stages.
Ranshi is required to localize oocyte-speciﬁc markers within the oocyte's
posterior pole
We examined the distribution of the oocytemarkers BicD, Egl, Orb,
and Tsu/Y14 within homozygous and hemizygous ranshi1 germaria in
order to investigate whether mutations in ranshi produce a germarial
phenotype similar to or distinct from mutations in genes required for
oocyte speciﬁcation and/or maintenance. In germaria lacking gene
functions required for oocyte speciﬁcation (e.g., BicD, egl, orb, and
tsu), the directed transport to and accumulation of Orb within the
two pro-oocytes and oocyte are not observed, indicating that the
second step in oocyte differentiation is abnormal (Lantz et al., 1994;
Mach and Lehmann, 1997; Parma et al., 2007; Suter and Steward,
1991). Germaria deﬁcient for gene functions essential for oocyte
maintenance (e.g., par-1) accumulate oocyte-speciﬁc markers such as
Orb within the pro-oocytes and the presumptive oocyte, but the
markers fail to translocate from the anterior to the posterior pole of
the presumptive oocyte and are lost from the presumptive oocyte in
post-germarial stages (Huynh et al., 2001). Thus, the distribution of
oocyte-speciﬁc markers within mutant germaria can be used to
determine whether a gene function is indispensable for oocyte
speciﬁcation or oocyte maintenance. Therefore, we investigated the
distribution of BicD (n=68), Egl (n=61), Orb, and Tsu/Y14 (n=74)
within ovarioles of wild-type and ranshimutant females. Because the
accumulation of BicD, Egl, Orb, and Tsu/Y14 within germline cells of
ranshi mutant ovaries is identical (data not shown), we only present
data for Orb accumulation in ranshi mutant ovarioles. Furthermore,
the distribution of Orb is the same in ovaries of homozygous ranshi1
(n=118) and hemizygous ranshi1 females (n=119) and, thus, we
employ the term ranshi to describe mutant ovarian tissues.
The distribution of BicD, Egl, Orb, and Tsu/Y14 in ranshi cysts
deviates from wild type within R2b (compare Figs. 6A and B). In
ranshi R2b cysts, containing a single germline cell with SC, the cell
with SC has detectable Orb but the protein is not localized within a
pole of the cell. Instead, Orb is evenly distributed throughout the
cytoplasm of the cell, suggesting that transport of BicD, Egl, Orb, and
Fig. 6. Accumulation of Orb within a single cell of 16-cell cysts is independent of ranshi+ but posterior pole localization of Orb requires Ranshi. In all panels, anterior is to the left and
(R3) is germarial region 3. (A) Orb distribution within a wild-type germarium. The arrowhead indicates posterior localization of Orb in R3. (B) In ranshi ovaries Orb is detected within
a single cell within 16-cell cysts but is evenly distributed throughout the cytoplasm of the cell. Orb persists in post-germarial egg chambers (indicated by the arrows). (C) Although
adjacent cells within ranshi germaria are C(3)G-positive, only one cell contains Orb, indicated by the arrow and magniﬁed in the inset.
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localization of the proteins within the presumptive oocyte is
anomalous. Employing ring canals as an additional marker of the
oocyte (one of the two cells with four ring canals), in S1 egg chambers,
we detect Orb only within germline cells with four ring canals (32/
32), providing further support that Orb accumulates within the
presumptive oocyte. In ranshi cysts containing two germline cells
with SCs, one of the two cells with SCs accumulates BicD, Egl, Orb (41/
41), and Tsu/Y14 and the proteins are evenly distributed throughout
the cytoplasm of the SC containing cell (see Fig. 6C). The formation of
the SC and the distribution of BicD, Egl, Orb, and Tsu/Y14 in ranshi
germline cells indicate that the transport to and accumulation of
oocyte markers within the pro-oocytes are normal, but that
translocation of the markers from the anterior to the posterior pole
of the presumptive oocyte is defective. Post-germarial ranshi egg
chambers contain Orb-positive cells (see Fig. 6B), suggesting that
ranshi+ function is not required for maintaining Orb within the
presumptive oocyte but is necessary for localization of Orb within the
posterior pole.
Ranshi is required for the posterior pole localization of centrosomes
within the presumptive oocyte
Centrosome accumulation within 16-cell cysts serves as another
marker of the progression of oocyte differentiation (Bolivar et al.,
2001; Grieder et al., 2000). Unlike BicD, Egl, and Orb, however,
centrosomes concentrate within the oocyte in the presence of
microtubule depolymerizing drugs (Bolivar et al., 2001). In spectra-
plakin- or Dhc64C-deﬁcient germaria (Bolivar et al., 2001), centro-
somes are associated with fusomes in R1 and R2a but centrosomes fail
to migrate to the oocyte in R2b and R3, indicating that Spectraplakin
and Dhc64C are necessary for the directed transport of centrosomes to
the oocyte and that the transport of centrosomes to the oocyte is
dependent on microtubules resistant to microtubule depolymerizing
drugs, i.e., stable microtubules. BicD and Egl, proteins that interact
with one another andwith Dynein/Dynactin to transport components
to the oocyte, are not essential for themigration of centrosomes to the
oocyte (Bolivar et al., 2001; Mach and Lehmann, 1997; Matanis et al.,2002; Navarro et al., 2004). To investigate whether the accumulation
of centrosomes within the oocyte is dependent on ranshi+ function,
we utilized antibodies against the Drosophila Pericentrin-like protein,
α-CP309 (Kawaguchi and Zheng, 2004; Martinez-Campos et al.,
2004).We observe centrosomes concentratedwithin the presumptive
oocyte in wild-type R2b and, in wild-type R3, centrosomes are
localized within the oocyte, posterior to the oocyte nucleus (n=63;
see Fig. 7A). In ranshi cysts (homozygous or hemizygous), containing
a single cell with SC, centrosomes assemble within the C(3)G-positive
cell in R2b and R3 cysts (n=89; see Fig. 7B). However, in ranshi cysts,
centrosomes are not detected within the posterior of the cell with SC
but are randomly placed within the cytoplasm of the SC containing
cell. Centrosomes are associated with a single cell in ranshi R3 cysts
containing two cells with SC (homozygous ranshi1, n=33, and
hemizygous ranshi1, n=35). The accumulation of centrosomes within
a single cell in R2b and R3 of ranshi ovaries provides further evidence
that the association of Spectraplakin with fusomes is not disrupted
and suggests that Dhc64C is functional in the mutant cysts, resulting
in the directed transport of centrosomes to the presumptive oocyte.
To investigate whether centrosomes and Orb accumulate within
the cytoplasm of the same cell in ranshi cysts, we employed both α-
CP309 andα-Orb. In all homozygous ranshi1 (n=58) and hemizygous
ranshi1 (n=98) S1 egg chambers examined (Fig. 8), centrosomes are
detected in the Orb-positive cell. The restriction of BicD, Egl, Orb, Tsu/
Y14, and centrosomes to a single cell and our observation that Orb and
centrosomes accumulate within the same cell suggest that a single
cystocyte is speciﬁed as an oocyte in ranshi ovaries but that the cell
fails to differentiate.
Discussion
Genetic analyses of core components of the EJC in Drosophila show
that the proteins (Barentsz/MLN51, eIF4AIII, Mago, and Tsu/Y14) are
essential for the localization of mRNA during oogenesis (e.g., oskar
mRNAwithin the posterior pole) (Hachet and Ephrussi, 2001;Mohr et
al., 2001; Newmark et al., 1997; Palacios et al., 2004; van Eeden et al.,
2001). Our studies of Mago and Tsu/Y14 show that the proteins
functionmultiple times during oogenesis to inﬂuence discrete oogenic
Fig. 7. Centrosomes accumulate within one cell of ranshi 16-cell cysts but fail to localize within the posterior pole of the cell. In both panels, anterior is to the left, α-CP309 is
employed to detect centrosomes, α-C(3)G detects synaptonemal complexes, arrows point to centrosomes and R3. (A) The progression of synaptonemal complex formation and the
distribution of centrosomes in a wild-type germarium. (B) In ranshi germaria, centrosomes accumulate within the anterior pole of a single cell but fail to translocate to the posterior
pole. In ranshi cysts containing two adjacent cells with synaptonemal complexes, centrosomes accumulate in one of the two cells with synaptonemal complexes. Below are cartoons
of the merged CP309 and C(3)G images for wild-type and ranshi germaria.
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Here we used a shotgun proteomics and genetic approach to identify
proteins in complexeswithMago and todetermine the role of oneof the
proteins during oogenesis. Our biochemical and genetic analyses of
females homozygous or hemizygous for ranshi1 demonstrate that the
locus encodes a protein that forms an ovarian complex with core
components of the EJC (Mago and Tsu/Y14) and that Ranshi is required
for localizing factors essential for oocyte development within the
posterior pole of the presumptive oocyte, indicating that Ranshi
interacts with the EJC to inﬂuence oocyte differentiation.
Microtubule-based transport within ovarian cysts is not disrupted in
homozygous and hemizygous ranshi1 females
In homozygous and hemizygous ranshi1 germaria, 16-cell cysts
form but all nuclei contain endoreplicated DNA, suggesting that the
cells have entered the nurse cell pathway. Thus far, this early oogenic
phenotype has been observed in mutants of genes encoding
components required for organizing the microtubule network and
for microtubule-based transport within cysts (Huynh and St Johnston,
2004). Several results demonstrate that the microtubule-dependent
polarized transport of components essential for oocyte selection and
maintenance is functional in ranshi cysts. Fusomes and fusome-
associated proteins are required for organizing the polarized
microtubule network that transports components from the pro-
nurse cells into the pro-oocyte and presumptive oocyte (de Cuevas
and Spradling, 1998; Deng and Lin, 1997; Grieder et al., 2000; Huynhand St Johnston, 2000; Lin and Spradling, 1995; Röper and Brown,
2004; Theurkauf et al., 1993). The fusomes in ranshi germline cells
appear identical to wild-type fusomes when examined employing
antibodies immunoreactive with α-Spectrin (a structural component
of fusomes) and Spectraplakin (a fusome-associated protein required
for recruiting microtubules to fusomes), suggesting that fusome
structure and development are normal in ranshi germline cells.
Although synaptonemal complexes form in germline cells lacking
Spectraplakin, within germarial regions 2b and 3 all cystocytes have
exited meiosis (Röper and Brown, 2004). This is distinct from ranshi
cysts in which entry into meiosis is identical to wild type but two cells
remain in meiosis within germarial regions 2b and 3 and meiosis is
maintained in the two cells during post-germarial stages. The
migration of centrosomes to the presumptive oocyte is dependent
on both Spectraplakin and Dhc64C (Bolivar et al., 2001; Röper and
Brown, 2004). Within ranshi cysts Dhc6C localizes as in wild type
(data not shown) and centrosomes migrate to a single cell, one of the
two pro-oocytes. The normal structure and development of the
fusomes, the proper localization of Dhc64C, and the migration of
centrosomes to a single cell within ranshi cysts indicate that the
polarization of germline cysts is unimpaired.
Once a polarized microtubule network is established in germline
cysts, proteins such as BicD, Egl, Orb, Par-1, and Tsu/Y14 are ﬁrst
transported to the pro-oocytes and ﬁnally to the presumptive oocyte
where the proteins inﬂuence oocyte selection, maintenance, and
differentiation (Cox et al., 2001; Huynh and St Johnston, 2000; Huynh
et al., 2001; Lantz et al., 1994; Mach and Lehmann, 1997; Parma et al.,
Fig. 8. Orb and centrosomes accumulate within the same cell in ranshi egg chambers.
Illustrated is a ranshi germarium with posterior to the left and vertical dashed lines
marking germarial region 3 (R3). The arrows indicate centrosomes (red) labeled with
α-309 and Orb (green) labeled with α-Orb accumulating in one cell of a ranshi stage 1
egg chamber, indicating that an oocyte is speciﬁed in ranshi ovaries.
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Ephrussi, 2002; Wharton and Struhl, 1989). BicD and Egl directly
interact, forming an oogenic complex required for the polarized
transport of factors to the pro-oocytes and oocyte. The complex is also
essential for oocyte speciﬁcation (i.e., in BicD and egl null germline
cells, 16-cell cysts are formed but none remain in meiosis) (Dienstbier
et al., 2009; Huynh and St Johnston, 2000; Mach and Lehmann, 1997;
Navarro et al., 2004; Suter et al., 1989; Suter and Steward, 1991).
Results from recent studies indicate that Egl is a RNA-binding protein
that recognizes mRNA localization signals and that Egl can also form a
complexwith theDrosophilaDynein light chain (Dlc) (Dienstbier et al.,
2009; Navarro et al., 2004). Distinct domains of Egl are employed in its
interaction with Dlc and with BicD. BicD is known to form a complex
with Dynein/dynactin motor complexes in mammalian cells and, in
Drosophila, Dynein-dependent directed transport of RNA requires
both BicD and Egl to form an active complex (Dienstbier et al., 2009;
Hoogenraad et al., 2001, 2003; Matanis et al., 2002). In mutant BicD
and egl germaria, components necessary for oocyte differentiation fail
to accumulate within the pro-oocytes or the presumptive oocyte.
However, we found that in ranshi cysts, the transport of BicD, Egl, Orb,
and Tsu/Y14 to the pro-oocytes and presumptive oocyte is indistin-
guishable from wild type, indicating that BicD and Egl-dependent
transport to the oocyte is functioning.
Because mutations in Dlc and within the Dlc interaction domain of
Egl do not disrupt the restriction of synaptonemal complexes to a
single cell, it is thought that BicD and Egl function independently of
microtubule-directed transport in oocyte selection (Navarro et al.,
2004). Our ﬁnding that ranshi cysts enter meiosis properly indicates
that BicD and Egl are able to participate in the initial restriction of
oocyte fate within the mutant cysts, providing evidence that entryinto the oogenic pathway is normal in ranshi germaria. Considered
together, our analyses of fusome structure and function and the
transport of oocyte-speciﬁc factors within wild-type and ranshi cysts
indicate that Ranshi is vital for an oogenic process that occurs after the
establishment of a polarized microtubule network within cysts and
after transport of components to the pro-oocytes.
Oocyte maintenance is normal in germaria of homozygous and
hemizygous ranshi1 females
In mutant cysts lacking components required for oocyte mainte-
nance (e.g., Par-1), oocyte markers (e.g., BicD, Egl, etc.) accumulate
within the pro-oocytes and later are restricted to the presumptive
oocyte (Cox et al., 2001; Huynh et al., 2001). However, in cysts devoid
of components essential for oocyte maintenance (e.g., par-1 null), the
translocation of oocytemarkers from the anterior to the posterior pole
of the presumptive oocyte is defective (germarial region 2b), oocyte
markers are lost from the presumptive oocyte in germarial regions 2b
and 3, and while the synaptonemal complex is restricted to a single
cell in germarial region 3 egg chambers, in post-germarial stages, the
synaptonemal complex is undetectable. Within ranshi germarial
region 2b cysts oocyte markers are restricted to a single cell, the
same cell that contains the centrosomes (one of the two cells with
four ring canals and synaptonemal complexes). Nevertheless, oocyte-
speciﬁc markers fail to translocate from the anterior to the posterior
pole of the cell and ﬁll the cytoplasm of the presumptive oocyte.
Although centrosomes are detected within a single cell in ranshi
germarial region 2b and 3 cysts, the centrosomes appear to be
randomly placed within the cytoplasm of the presumptive oocyte.
Importantly, unlike par-1 null egg chambers, in post-germarial stages
of ranshi ovaries, a single cell retains oocyte-speciﬁc cytoplasmic
markers. The accumulation of oocyte-speciﬁc markers and centro-
somes within a single cell and the persistence of the markers and
centrosomes in post-germarial stages suggests that in ranshi germline
cells, a single cell is selected and maintained in the oogenic pathway
but differentiation is impaired. Thus, our analyses utilizing available
ranshi alleles indicate that oocyte maintenance is not defective in
ranshi cysts, but that posterior pole localization of factors crucial for
oocyte differentiation is blocked.
The ranshi ovarian phenotype is distinct from ovaries defective in the
cell-cycle program or meiotic progression
Oocyte selection is also dependent on the proper execution of the
cell-cycle program and appropriate progression of meiotic events
within germline cysts (Huynh and St Johnston, 2004). Mutations in
genes encoding the cell-cycle regulators, cycE (encoding cyclin E, a
cyclin that regulates replication and endoreplication) and p27cip/kip/
dacapo (dap, encoding a cyclin-dependent kinase inhibitor, a negative
regulator of cyclin E), alter oocyte differentiation (Hong et al., 2003;
Lilly and Spradling, 1996). In ovaries homozygous for a reduced
function allele of cycE (cycE01672), 2–3 cells within the 16-cell cyst
differentiate as oocytes, producing mature eggs with multiple
germinal vesicles. Dacapo (Dap) protein speciﬁcally accumulates
within the oocyte nucleus in germarial region 3 (stage 1 egg
chambers), where Dap inhibits cyclin E activity, preventing the
oocyte nucleus from entering the endocycle and maintaining the
oocyte nucleus in prophase I ofmeiosis (deNooij et al., 2000;Honget al.,
2003). In dap null germline cysts, all cells enter the endocycle and
restriction of SC to a single cell is delayed until germarial region 3
(Hong et al., 2003). Initially, dap null cysts accumulate Orb and BicD
within a single cell, and by germarial region 3, the mutant cysts no
longer show detectable Orb or BicD. In dap null cysts, where the
oocyte nucleus has undergone limited polyploidization, Orb and BicD
are maintained within the oocyte and the egg chambers develop, but
arrest during stage 6 or 7. These results led Hong et al. (2003) to
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less likely that oocyte differentiation would progress properly, that is,
the greater the polyploidy of the oocyte nucleus, the less likely that
Orb and other oocyte-speciﬁc markers would accumulate within the
cytoplasm of the presumptive oocyte. Two phenotypic differences
between dap null and ranshi cysts lead us to propose that the block in
oocyte differentiation in Ranshi-deﬁcient ovaries might be due to
disruption of a Dap-independent pathway. First, in the absence of
Dap, the polyploidy of the oocyte nucleus is variable. However, the
polypoloidy of the 16 nuclei in ranshi cysts is invariant and
indistinguishable from that of wild-type nurse cell nuclei, indicating
that in ranshi cysts all germline cells have undergone endoreplication
that is indistinguishable from cells that have entered the nurse cell
pathway. Second, unlike dap null cysts, a single cell within ranshi
cysts accumulates and retains oocyte-speciﬁc cytoplasmic markers
and the markers are detectable within a single cell during post-
germarial stages. Thus, in ranshi cysts, the extent of polyploidy does
not interfere with the restriction of oocyte-speciﬁc cytoplasmic
markers to a single cell. Therefore, our phenotypic analyses of ranshi
cysts suggest that the block in oocyte differentiation observed in
ranshi cysts is distinct from that observed in dap null cysts.
Mutations in genes encoding proteins required for meiotic
exchange, the distribution of meiotic crossovers, and DNA double-
stranded break (DSB) repair delay but do not block oocyte selection.
For example, in spindle-B (spn-B, encoding the Drosophila homolog of
yeast RAD51) and okra (okr, encoding the Drosophila homolog of
yeast RAD54) mutant ovaries, DSBs are not repaired, synaptonemal
complexes are retained in the two pro-oocytes until germarial region
3 or stage 2 egg chambers, and oocyte-speciﬁc markers concentrate in
the two pro-oocytes instead of the presumptive oocyte. In later stage
spn-B and okr mutant egg chambers, a single cell retains SC and
oocyte-speciﬁc markers are not restricted to the cytoplasm of the
presumptive oocyte (Ghabrial et al., 1998; Ghabrial and Schüpbach,
1999; González-Reyes et al., 1997). The Drosophila homolog of yeast
SPO11 (an endonuclease that catalyzes the formation of DSBs) is
encoded by mei-W68 (McKim and Hayashi-Hagihara, 1998). In
ovaries doubly mutant for mei-W68 and spn-B or okr, the delay in
oocyte selection is suppressed, suggesting that oocyte selection is
perturbed in spn-B and okr mutant ovaries due to activation of a
meiotic DNA repair checkpoint (Ghabrial and Schüpbach, 1999).
Activation of a DSB-independent checkpoint has also been shown to
delay oocyte selection. Mutations in genes encoding components of
the DSB-independent checkpoint produce phenotypes similar to
those observed in spn-B and okr mutant ovaries (Joyce and McKim,
2009). To determine whether oocyte differentiation is blocked in
ranshi ovaries due to a failure of meiotic progression or whether
meiotic progression is blocked due to a disruption of events required
for oocyte differentiationwill require additional studies. However, the
fact that null mutations in genes required for meiotic progression only
delay oocyte differentiation suggests that in ranshi cysts additional
oogenic processes are disrupted, resulting in a block in progression
into the oogenic pathway.
Ranshi forms a complex with EJC components and inﬂuences posterior
pole localization of oocyte differentiation factors within the presumptive
oocyte
In Drosophila, the EJC is involved in nuclear export, translational
regulation, and RNA localization (Gehring et al., 2009; Tange et al.,
2004). The core components of the EJC are deposited on spliced RNAs
within the nucleus (eIF4AIII, Mago, and Tsu/Y14) and the proteins
remain bound to mRNAs within the cytoplasm, until removed during
translation (Dostie and Dreyfuss, 2002; Gehring et al., 2009; Giorgi
and Moore, 2007; Le Hir and Andersen, 2008; Tange et al., 2004).
Although some core components of the EJC bind RNA directly (eIF4AIII
and Barentsz/MLN51), the binding appears to be independent of RNAstructure or sequence (Le Hir et al., 2000). Given the absence of
apparent secondary structure or sequence motif for RNA binding of
the EJC, it has been proposed that the core components serve
as a platform for the binding of additional proteins that provide
speciﬁcity for mRNA localization within distinct subcellular compart-
ments (Le Hir and Andersen, 2008).
Ranshi co-immunoprecipitates with Mago and Tsu/Y14, and
oocyte differentiation is aberrant in magonull germline clones, tsunull
germline clones and ranshi ovaries, suggesting that Ranshi interacts
with the platform generated by the core components of the EJC to
inﬂuence oocyte differentiation. Mago and Tsu/Y14 are predomi-
nantly nuclear in germline and ovarian somatic cells within germarial
region 1 (Parma et al., 2007). In germarial regions 2b and 3, Mago and
Tsu/Y14 are detected within nuclei and are also observed accumu-
lating within the cytoplasm of the pro-oocytes and presumptive
oocyte, and in germarial region 3, the proteins are localized within the
oocyte's posterior pole cytoplasm, presumably associated with
mRNAs encoding proteins necessary for oocyte differentiation.
Because the antibodies immunoreactive with Ranshi do not detect
protein in whole-mount ovaries, we were unable to determine
Ranshi's subcellular distribution during oogenesis.
Ranshi contains two identiﬁable motifs, a zinc ﬁnger-associated
domain and C2H2 zinc ﬁnger domain. Zinc ﬁnger domains are found
in transcription factors, RNA-binding proteins, and chromatin com-
ponents (Brayer and Segal, 2008; Brown, 2005; Laity et al., 2001). In
addition to participating in DNA and RNA binding, zinc ﬁnger domains
can function in protein–protein interactions (Brayer and Segal, 2008).
Structural analyses of the zinc ﬁnger-associated domain of the Dro-
sophila transcription factor, Grauzone, reveal that the zinc ﬁnger-
associated domain functions in homodimerization or as a protein–
protein interactionmodule (Jauch et al., 2003). Additional studies will
be required to determine the biochemical function of Ranshi in the EJC
and the role of the zinc ﬁnger-associated domain and the zinc ﬁnger
domains in Ranshi's interactions with the EJC. Regardless of whether
Ranshi is primarily a nuclear protein, cytoplasmic protein or both, the
ranshi ovarian phenotype indicates that Ranshi interacts with the EJC
to localize components required for oocyte differentiation. In
homozygous and hemizygous ranshi1 ovaries, centrosomes, BicD,
Egl, Orb, and Tsu/Y14 are transported to and accumulate within a
single cell of the 16-cell cyst, and their transport and accumulation are
indistinguishable from wild type, indicating that nuclear export of
RNA is not the likely defect in the mutant ovaries. Instead, our results
are consistent with a model in which Ranshi interacts directly or
indirectly with core components of the EJC to inﬂuence the (a)
selective translation of mRNAs encoding components critical for
localizing differentiation factors within the oocyte's posterior pole or
(b) posterior pole localization of mRNAs encoding oocyte differenti-
ation factors within the oocyte.
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